Ferredoxin (Fd) in higher plants is encoded by a nuclear gene, synthesized in the cytoplasm as a larger precursor, and imported into the chloroplast, where it is proteolytically processed, and assembled with the (2Fe-2S] cluster. The final step in the biosynthetic pathway of Fd can be analyzed by a reconstitution system composed of isolated chloroplasts and [35SJcysteine, in which [35S]sulfide and iron are incorporated into Fd to build up the 35S-labeled Fe-S cluster. Although a lysed chloroplast system shows obligate requirements for ATP and NADPH, in vitro chemical reconstitution of the Fe-S cluster is generally thought to be energy-independent. The present study investigated whether ATP and NADPH in the chloroplast system of spinach (Spinacia Recent progress in the field of molecular biology has made it possible to clone the genes for Fe-S proteins from a wide variety of materials and express them in foreign hosts such as Escherichia coli. The Bacillus subtilis gene encoding glutamine phosphoribosylpyrophosphate amidotransferase has been cloned and expressed in E. coli (13). The Bacillus enzyme was functionally expressed in E. coli after correct processing in two steps; the removal of 11 amino acid residues from the amino-terminus, and assembly of the [4Fe-4S] cluster into its polypeptide. Genes encoding [2Fe-2S] proteins, human adrenodoxin, and cyanobacterial Fds have also been expressed in E. coli, and the [2Fe-2S] clusters were assembled and incorporated into Fds in these heterogeneous systems (2, 4). The correct assembly of Fe-S clusters into foreign proteins suggests several possibilities for in vivo cluster formation. The Fe-S cluster may be assembled spontaneously from apoprotein, sulfide, and iron by a mechanism similar to that reported in earlier in vitro chemical reconstitutions (14, 16). Alternatively, unknown enzymes may be involved in the assembly process. If the assembly is enzymatic, the enzymes responsible must have broad specificity for protein acceptors, or are involved in preassembly of the Fe-S cluster moiety followed by its spontaneous incorporation into apoprotein. It should also be noted that the expression of active nitrogenase iron protein (nill-encoded) in E. coli requires expression of an additional gene (nijM) (10) , suggesting that the niJtI product alone is insufficient for assembly of the [4Fe-4S] cluster in a foreign host.
Recent progress in the field of molecular biology has made it possible to clone the genes for Fe-S proteins from a wide variety of materials and express them in foreign hosts such as Escherichia coli. The Bacillus subtilis gene encoding glutamine phosphoribosylpyrophosphate amidotransferase has been cloned and expressed in E. coli (13) . The Bacillus enzyme was functionally expressed in E. coli after correct processing in two steps; the removal of 11 amino acid residues from the amino-terminus, and assembly of the [4Fe-4S] cluster into its polypeptide. Genes encoding [2Fe-2S] proteins, human adrenodoxin, and cyanobacterial Fds have also been expressed in E. coli, and the [2Fe-2S] clusters were assembled and incorporated into Fds in these heterogeneous systems (2, 4) . The correct assembly of Fe-S clusters into foreign proteins suggests several possibilities for in vivo cluster formation. The Fe-S cluster may be assembled spontaneously from apoprotein, sulfide, and iron by a mechanism similar to that reported in earlier in vitro chemical reconstitutions (14, 16) . Alternatively, unknown enzymes may be involved in the assembly process. If the assembly is enzymatic, the enzymes responsible must have broad specificity for protein acceptors, or are involved in preassembly of the Fe-S cluster moiety followed by its spontaneous incorporation into apoprotein. It should also be noted that the expression of active nitrogenase iron protein (nill-encoded) in E. coli requires expression of an additional gene (nijM) (10) , suggesting that the niJtI product alone is insufficient for assembly of the [4Fe-4S] cluster in a foreign host.
We have addressed this problem and reported physiological formation of the Fe-S cluster in isolated intact and hypotonically lysed spinach chloroplasts (21, 22) . When chloroplasts are incubated with [35S] cysteine, the sulfur atom derived from cysteine is incorporated into the Fe-S cluster of holo-Fd. This process is driven by NADPH and ATP generated by photosynthetic electron transport and phosphorylation. We have also provided evidence that ATP must be hydrolyzed and that NADPH cannot be substituted by NADP or NADH (22) . Despite (22) . 35S-labeled holo-Fd was analyzed by nondenaturing PAGE and autoradiography (22) . For determination of the radioactivity, the bands corresponding to holo-Fd were cut out of the dried gel, and 35S radiation in each was determined as described previously (22) .
Measurement of H2S Production
The total amount of [35S]sulfide released from [35S]cysteine was determined essentially by the method described for the radiochemical assay of cysteine desulfhydrase (27) . The reaction mixture described for Fe-S cluster formation was placed in the main compartment of a Thunberg tube and 0. cysteine was determined as acid-volatile radioactivity released from acidified solution and trapped in NaOH solution. Following the incubation, TCA was added to a concentration of 10% and acid-volatile sulfide trapped in the NaOH solution was determined by scintillation counting as described in "Materials and Methods." 
cluster formation required both ATP and light (NADPH), as characterized previously (22) . Addition of DCMU suppressed not only the Fe-S cluster formation but also sulfide emission, whereas NH4+, an uncoupler, stimulated both reactions. These results confirmed that sulfide emission from lysed chloroplasts requires reducing compounds such as NADPH, whereas formation of the Fe-S cluster needs ATP in addition to NADPH. It should be noted again that the total amount of [35S]sulfide was always higher than that in 35S-labeled holoFd under any of the conditions tested. These results suggest that cysteine is degraded, releasing inorganic sulfide into the medium in an NADPH-dependent manner, followed by incorporation of only part of the liberated inorganic sulfide into Fd during the course of the ATP-dependent reaction. Direct transfer of cysteine sulfide into the Fe-S cluster of Fd seems unlikely.
To confirm these hypotheses, we examined the effect of nonradioactive sulfide on formation of the 35S-labeled On the other hand, thiosulfate, a substrate for rhodanese, was less inhibitory than the two mentioned above, and addition of rhodanese had no effect, either in the presence or absence of thiosulfate. Rhodanese, one proposed candidate responsible for formation of the Fe-S cluster of Fd (3), seems not to be involved in either the production of sulfide or its transfer to Fd. For further characterization ofthe light (NADPH)-stimulated sulfide emission Sulfur-Containing Substrates (mM) Figure 3 . Competitive inhibition of 35S-labeled Fe-S cluster formation with nonradioactive sulfur-containing substrates. Fe-S cluster formation assay was done under conditions similar to those described in Figure 1 except that the reactions were carried out with various concentrations of nonradioactive cysteine (0), sodium sulfide (A), or sodium thiosulfate (O). In some cases, bovine rhodanese (1 unit/mL) was supplied to the reactions with thiosulfate (U). The iron-storage protein ferritin is widely distributed in nature, and an analogous protein named phytoferritin is located in chloroplasts (23) . Ferritin plays a key role in the iron metabolism of mammalian cells, so that the iron it stores in ferritin is reductively mobilized as needed for the synthesis of iron-containing proteins (6). NAD(P)H can serve as a source of reducing power for the enzyme-mediated reduction and mobilization of ferritin iron (24) . In addition, a transit iron pool composed of iron chelated by ATP has also been found in reticulocytes (26) . In plant cells, most of the iron found in leaves is located in the thylakoid and stromal fractions of chloroplasts, although its nature is poorly understood (23) . On the basis of these considerations, we examined whether ATP or NADPH might be involved in the supply of a suitable form of iron to the Fe-S cluster of Fd. Figure 4 shows the effect of externally added ferric chloride on Fe-S cluster formation. When the reactions were carried out in the presence of ATP in the light, externally added iron showed no stimulatory effect relative to the minus iron sample. A higher concentration ('0.1 mM) of iron was rather inhibitory, probably due to the formation ofharmful hydroxyl radicals from hydrogen peroxide through metal-catalyzed reactions (1) . When the reactions were carried out in the absence of ATP or in the dark, the Fe-S cluster formation could not be restored by addition of iron. Similar results were also obtained when the reactions were ( 14, 16) . Therefore, the ATP-dependent Fe-S cluster formation observed in chloroplasts strongly suggests a novel in vivo mechanism that cannot be explained by the simple analogy of chemical reconstitution. One might speculate that ATP hydrolysis is catalyzed by a protein acting as a synthetase of the Fe-S cluster by coupling the energy released upon ATP hydrolysis. Alternatively, ATP might be required for the phosphorylation of a certain protein that is required for the reaction. To address the question of how ATP is used to drive Fe-S cluster formation in chloroplasts, the following possible functions should be investigated. proteins were analyzed by nondenaturing PAGE and autoradiography. As shown in Figure 5 , externally added apo-Fd was phosphorylated by [-y_32P ]ATP in the light but not in the dark, whereas phosphorylation of holo-Fd was not observed. The phosphorylation of apo-Fd was confirmed by crossed immuno-electrophoresis using a specific antibody against spinach Fd (Fig. 5, lane 5) , and the phosphoamino acid found in apo-Fd was identified to be phosphoserine. As to the second possibility, a pulse-chase experiment was carried out, and this revealed that the 32P-labeled apo-Fd was not dephosphorylated during the chase period in the presence of excess nonradioactive ATP, cysteine, and iron (data not shown). These results suggest that the phosphorylation/dephosphorylation cycle of apo-Fd is not operative in chloroplasts. On the basis of these observations, it would be premature to draw a firm conclusion about the role of phosphorylated apo-Fd in formation of the Fe-S cluster. It might be due to nonspecific phosphorylation, since the serine protein kinase activity present in spinach stroma has been reported to phosphorylate exogenous substrates like histones II and III, phosvitin, and casein in addition to the endogenous stromal proteins (5).
Phosphorylation of Apo-Fd

Molecular Chaperones
Recently, the term "molecular chaperone" has been proposed for a family of proteins whose role is to ensure the folding of certain polypeptides and to aid in their correct assembly into oligomeric structures (8) . In chloroplasts, chaperonin (rubisco3 subunit binding protein) plays an essential role in the assembly of rubisco. Rubisco large subunits, once associated with chaperonin oligomer, can be dissociated and released from it in the presence of ATP, and then assembled into an oligomeric structure with small subunits of rubisco (18) . In addition, several chloroplast proteins such as the fsubunit of ATP synthase and glutamine synthetase, have been Intra-Plastid Location of Fe-S Cluster Formation Activity An important approach for characterizing the nature of the putative enzyme responsible for Fe-S cluster formation is to determine its location in the plastid compartments. To address this, the thylakoids were separated from the stroma by differential centrifugation and aliquots of these fractions were analyzed for their abilities to synthesize the Fe-S cluster of Fd. When the incubations were carried out in the presence of ATP in the light, no activity was detected in the stroma or thylakoids, and occurred only upon combination of the two fractions. By contrast, when the reactions were supplemented with ATP and NADPH in the dark, the stromal fraction showed considerable Fe-S cluster formation, as did the stroma plus thylakoid fraction (Fig. 6 ). When the reactions were carried out in the absence of externally added ATP, less than 10% of the activity was found when compared with that in the presence of ATP (not shown). These results confirm the earlier conclusion that both ATP and NADPH are required for the reaction (22) . In chloroplasts, the thylakoids are employed only to provide ATP and NADPH via the photosynthetic electron transport and phosphorylation systems. These findings also indicate that the soluble enzyme is responsible for Fe-S cluster formation. A cysteine desulfhydrating enzyme might also exist in the soluble fraction of chloroplasts. Based on these findings, purification and characterization of these enzymes should provide valuable insight into the mechanism involved.
CONCLUSION
Formation of the Fe-S cluster of spinach Fd was shown to require both ATP and NADPH. Our previous studies have demonstrated that ATP must be hydrolyzed and NADPH cannot be substituted by NADH or NADP (22) . In the present studies, distinct steps in the Fe-S cluster formation pathway light Figure 7 . A proposed scheme for the ATP-and NADPH-dependent formation of the Fe-S cluster of Fd in chloroplasts.
